Abstract-The design and operation of a single-state selection system based on the adiabatic fast-passage technique for atomic state inversion is described. The system uses a variable-pitch dc solenoid and orthogonal four-wire RF coil to create the state-changing magnetic fields, and a half-wavelength state selection magnet to remove the inverted state atoms from the hydrogen beam. The system's performance was determined by measuring maser power as a function of line Q. The system removes more than 85 percent of undesired atoms from the beam. The potential effects of improvements in the maser on its frequency stability have been calculated. The use of single-slate selection combined with increased RF coupling to the cavity and increased storage bulb collimation offers the possibility of frequency stability in the IO-" regime over intervals on the order of 6 X LO4 S.
INTRODUCTION I
N THE HYDROGEN maser, transitions occur from the ( F = l , mF = 0) hyperfine ground state of the hydrogen atom to the ( F = 0, mF = 0 ) state. Only atoms in the ( F = 1, mF = 0 ) state contribute to maser oscillation; the presence in the maser storage bulb of atoms in the other three magnetic sublevels of the ground state cause undesired spin exchange relaxation of the radiating atoms and frequency shifts [ l ] of the output signal. We have constructed and tested a system for removing from the maser's atomic beam those atoms not in the ( F = l , mF = 0 ) state, thus minimizing these undesirable effects.
The state selection system usually employed in hydrogen masers uses a single inhomogeneous state-selection magnet. With this system atoms in both of the upper hyperfine levels ( F = 1, mF = 1 , and mF = 0) enter the storage bulb. One can reduce spin exchange relaxation and reduce the likelihood of frequency shifts due to changes in the hydrogen beam state distribution by eliminating from the beam the atoms in the ( F = 1, mF = 1 ) state. In this paper we describe the single-state selection system that we have designed and built to accomplish this goal and discuss the results obtained with the system. The system utilizes the "adiabatic fast-passage method" for changing atomic states and employs an additional stateselection magnet that provides optimum beam optics for this purpose.
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SINGLE-STATE SELECTION TECHNIQUE In a single-state selection system, shown schematically in Fig. 1 , the atoms emerging from the usual first stateselection magnet pass through a state-changing region where atoms in the state labeled 1 are changed to state 3, while atoms in state 2 (the upper masing state) are unchanged. The atoms then pass through a second state-selection magnet that removes the state 3 atoms, producing the desired beam containing only atoms in state 2.
The beam paths through the state-selection magnets are indicated in Fig. 1 . The magnets act as velocity filters. The paths of the fastest and slowest atoms that can pass through the system are shown. The range of velocities passed by the single-state system is about the same as in the normal state-selecting system. The beam stops, and apertures ensure that atoms in the wrong spin state, and other spurious atoms and molecules, are eliminated from the beam.
The heart of the single-state selection system is the state-changing region. Two general approaches have been suggested for inverting the state-l atoms into state 3. In the Majorana method [2] the atoms pass through a region of weak dc magnetic field whose direction is abruptly reversed, interchanging states 1 and 3. The adiabatic fastpassage (AFP) technique [3], [4] , which is utilized in the present work, employs orthogonal RF and dc magnetic fields. The dc field varies in strength along the path of the beam, producing in a reference frame rotating with the RF field a total effective field that reverses its direction, causing the precessing atoms to invert their spins.
To produce adiabatic inversion of the F = 1, mF = 1 state, the magnetic fields must satisfy two criteria. First, the atom's magnetic moment must follow the field direction. Therefore the rate of precession of the atom about the effective field must be greater than the rate at which the field's direction changes with time as the atom moves through it. Second, the effective fields at the ends of the state-changing region must be in approximately opposite directions so that the atomic states undergo complete inversion. This means that the dc field must vary from weaker to stronger than the RF field (or vice versa) as the atoms traverse the state-changing region.
In The dc field, which is oriented parallel to the beam, is created by a 4-in (10-cm) long solenoid with a variablepitch winding. This coil produces a dc magnetic field with a gradient of 1.6 G cm-' A-', and a field at its center of 10 G/A. Thus a 100-mA dc current produces a central field of 1 G and a gradient of 0.16 G/cm. The RF field, which is perpendicular to the beam, is produced by an elongated "four-wire'' coil placed within the variablepitch solenoid. The RF coils are 0.64 in wide and 4.19 in long and are spaced 0.32 in apart. The RF field magnitude is approximately uniform along the length of the statechanging region. The RF field magnitude B , is measured by a rectangular pickup coil mounted in the four-wire RF coil. For a field frequency of 1 MHz, the field measured by the pickup coil is related to the peak-to-peak voltage across it by B1 ( G ) = 2. 19Vp -p ( V). All RF field-strength measurements are made at a frequency of 1 MHz.
The solenoids are located within a four-layer cylindrical magnetic shield that isolates the state-changing region from the earth's magnetic field.
The components of the single-state selection system are shown in Fig. 2 .
The single-state selection system was installed in the Smithsonian Astrophysical Observatory (SAO) maser, serial number P o . The state-changing system and the second state-selection magnet are suspended from a double-sided vacuum flange that mounts on the maser's normal source flange. A pumping manifold raises the hydrogen dissociator above the state-changing apparatus, and a bellows between the manifold and the dissociator permits alignment of the hydrogen beam with the second magnet.
CHARACTERIZATION OF AFP SYSTEM PERFORMANCE The purpose of a single-state selection apparatus is to ensure that all atoms entering the maser's storage bulb are in state 2 ( F = 1, mF = 0). A measure of the performance of such a system is the ratio Z/Ztot, where Z is the flux of atoms in state 2 entering the bulb and Ztot is the total flux of atoms in all states entering the bulb. Perfect operation of the system gives Z/Ztot = 1; if atoms in states other than state 2 pass through the system, Z/Ztot is less than 1. In the absence of any state selection, the ground-state at- oms are equally distributed among the four magnetic sublevels, and Z/Ztot = 1/4. The change in the ratio Z/ZtOt is determined indirectly through a measurement of maser line Q as a function of RF power output.
An important parameter describing maser performance is the quantity q, defined by [ 5 ] , [6] Here (T is the hydrogen-hydrogen spin exchange cross section, V , is the average relative velocity of atoms in the storage bulb, 2ah is Planck's constant, and p. is the Bohr magneton. y d is the relaxation rate due to escape from the bulb and recombination on the bulb walls, while y, is the total density-independent relaxation rate. If magnetic relaxation is negligible, y t / y d = 1 [ 6 ] . V, and v b are the volumes of the maser's resonant cavity and storage bulb, r] is the magnetic filling factor [7] , and Q, is the loaded cavity Q.
All of the quantities on the right side of (1) other than Ztot/Z can be calculated or measured; therefore, a measurement of q determines the ratio Ztot/Z. The values used are U = 2.33 X cm2 (average of a+ and is-for T = 323"K, given by Allison [ 8 ] ; Er = 4[kT/?rm]'/* = 3.69 X lo5 cm/s for T = 323°K; h = 1.054 X erg/s; p. = 0.927 X erg/G; 17 = 2.14 for a storage bulb radius of 8.839 cm and equivalent cavity length of 2685 cm [7] ; and yr/yd = 1. For maser P O , V, = 15 184 cm3, V, = 2893 cm3, and Q, = 3.9 X lo4. q and -yr can be determined [6] by measuring the maser's line Q as a function of RF power radiated by the hydrogen atoms into the resonant cavity.
Measurement of the Parameter q
given by [5] The RF power radiated into the microwave cavity is 
where
If the values of ul and a, are known, (6) and (7) 
and uo can be determined. a2 provides an independent estimate of the value E , and a , and a. yield q and yt. If the maser power is low, the curvature of the data is often insufficient to allow a2 to be determined accurately. In that case the value of a2 is calculated a priori from the quantities making up E, and a new function F ( Q, ) = P -a2 Q;* is calculated. A straight line of the form (al Q;' + ao) is fit to F ( Q, ) to determine the coefficients a , and ao, from which q and yt are calculated using (8)-( IO).
SINGLE-STATE SELECTION EFFICIENCY
The effectiveness of the single-state selection system is determined by comparing the values of q measured with the AFP system on and off. To determine whether the presence of the state-selection apparatus (without the RF field operating) mixes the atomic states and reduces q, we measured q with the maser in its standard configuration, without the single-state selection system installed. Fig. 3 shows the measured maser power as a function of inverse line Q. The quadratic nature of the relationship is evident. The solid curve is the parabola that represents the best least-squares fit to the data points. The value of a2 resulting from the linear regression is a2 = -3.476 X IOI3 erg/s, which is within four percent of the calculated value of -3.35 X lOI3 erg/s. This confirms the values of Q,, With the single-state selection system installed in the maser, q was measured for several values of the AFP magnetic fields, with the RF field both on and off. Fig. 4 is a typical plot of maser power against inverse line Q. Because the available beam flux is limited in the experimental single-state selection apparatus (due to the length and limited pumping speed of the intentionally flexible design), a relatively small and approximately linear portion of the quadratic curve is observed. For this reason the coefficient a2 is not well determined by the data, and we use the alternate method of calculating q and yr. Therefore, Fig. 4 shows a plot of Pbeam -a2Q1;,, with a2 = -3.35 X lOI3 erg/s. a l and u0 are determined from straight-line fits to the data, and q and -yt are calculated from a,, ao, and the assumed value of u2. Table I summarizes the experimental conditions and results of q measurements. From Table I it can be seen that close agreement exists between the values of q with the single-state selection apparatus not installed (run 1, Fig.  3 ) and with the system installed but with the AFP RF magnetic field turned off (run 2 , Fig. 4 ). This agreement verifies that the presence of the single-state selection system does not significantly perturb the state distribution in the atomic beam when the system is turned off. Thus the The discrepancy between the data of runs 3-5 and those of runs 1 and 2 may be due to the fact that different receivers, with slightly different calibration procedures, were used for the two sets of data. This could have resulted in an error of up to 0.5 dB in the absolute power measurement for the data of runs 3-5. By comparison, the receiver used for runs 1 and 2 was calibrated by direct comparison with a Marconi model 6960 RF power meter, resulting in a confidence of better than 0.2 dBm in its absolute power measurement. This accuracy is reflected in the agreement between the calculated coefficient a2 and that measured from the Fig. 3 (run 1) data.
Within the calibration errors in the experiment, the data show that the single-state selection employing adiabatic fast-passage state changing eliminates at least 85 percent of the undesired level-l atoms from the beam. A redesigned apparatus with greater pumping speed and higher beam flux would be highly desirable for operating masers. Such a system would allow use of a storage bulb with a longer storage time constant than is employed at present.
(If the bulb storage time is increased without decreasing the flux of level-l atoms in the beam, the increase in line Q would soon be limited by spin-exchange relaxation.) The combination of single-state selection and a longer bulb time constant would allow a substantial increase in the maser's line Q and thus in its long-term frequency stability.
IMPLICATIONS FOR MASER FREQUENCY STABILITY
The major benefit to be gained from single-state selection is an increase in maser frequency stability. We estimate the stability improvement that can be gained by use of single-state selection, modifications to the storage bulb, and changes in the maser's operating conditions. The maser's frequency stability, as expressed by the Allan variance u2 can be written as
Here F is the noise figure of the maser's receiver system, k is Boltzmann's constant, T i s the absolute temperature of the maser's storage bulb, B is the equivalent noise bandwidth of the receiver, P,,, is the power delivered to the receiver, /3 is the coupling factor to the cavity, P is the total power radiated by the hydrogen atoms in the storage bulb, and 7 is the averaging interval during which U is measured.
U,, a measure of short-term frequency stability, represents the frequency fluctuations due to additive phase noise at the receiver input. It is proportional to 7 and dominates the stability for averaging intervals less than roughly 50 S . uM, the medium-term frequency deviation, results from thermal noise within the linewidth of the atomic oscillator. It is proportional to T-'/* and is important at intervals between roughly 50 and 3000 S . uL is an empirical representation of the frequency stability over time intervals longer than approximately 4000 S [9] . Longterm frequency variations are most likely due to a variety of systematic processes rather than to thermal noise. The long-term stability of a particular maser depends upon its construction and environment. The form of U, given in (14) has been observed for pairs of VLG-11 masers. We assume that most of the systematic effect is due to pulling of the atomic resonance line by the cavity resonance and thus assume that uL is proportional to Q,/Q,, the ratio of cavity Q to atomic line Q. Numerical values for the coefficients in (12) and (13) can be calculated assuming the following quantities used in practice: F = 4 ( = 6dB), k = 1.38 X erg/"K, T = 322"K, and B = 6Hz;
The coefficient in (14) corresponds to Ql -2 X lo9 and Q, -39 000, allowing us to write for illustrative purposes P and Q, can be expressed in terms of measurable and controllable quantities. The line Q is given by where yse is the portion of y2 due to spin exchange. Also, Therefore a reduction in Ztot/Z reduces yse, while a reduction in yt (due, for example, to increased collimation of the storage bulb) increases yse for a constant flux 1 of ( F = 1 , mF = 0 ) atoms. Combining (18) with (2) for the beam power P , we obtain where E = 0.0328 Q,' erg -S Using (15)-(20), we can calculate the frequency stability for any maser operating condition and thus examine the effect of adjusting various maser parameters. The results of several scenarios are shown in Fig. 5 . 1) We first assume that the maser is in its normal condition with AFP turned off and the flux adjusted for a line Q of 2 x lo9, a typical value. From the measured value Y, = 1. l S -' and the calculated storage bulb escape rate Y b = 0.87 S -' , we deduce that the rate of recombination on the bulb wall is y r = -yt -Y b = 0.2 S -' . The calculated frequency stability is consistent with values measured in practice.
2) In this case the maser parameters are as in l), but the AFP is turned on. Single-state selection reduces Ztof/Z by a factor of 2, halving q and yse. The effect of singlestate selection is to increase both the line Q and the beam power, increasing the overall frequency stability. The short-term frequency deviation os is decreased by a factor of 1.2, the medium-term deviation U, by a factor of 1.6, and the long-term deviation U, by a factor of 1.4.
3) To increase the maser's power output while still obtaining the high line Q resulting from a long storage time, we can greatly increase the RF coupling to the resonant cavity. The increased coupling directs more power to the receiver, thus improving the short-term frequency stability. It also decreases the loaded cavity Q and therefore the cavity pulling, thus proportionately improving the longterm stability in our model. We assume here that yt and -yse are each reduced to 0.4 S -' as in case 2, and that the cavity Q is reduced by a factor of 2 from 39 000 to approximately 20 000 by increasing the coupling factor 0 from 0.2 to 1.4. The combination of single-state selection and increased cavity coupling results in q = 0.08, its original value in case 1 . The decreased relaxation rates give a line Q that is 2.8 times its value in case 1, a beam power 25 percent lower than in case 1, and a receiver power 2.7 times greater than in case 1. In addition, the ratio of line Q to cavity Q is increased by a factor of 5.6 over case 1 . The result is a substantial improvement in the short-, medium-, and long-term frequency stabilities.
4)
To examine the frequency stability improvements to be gained from further improveme,nts in the wall coating, we consider the effects of reducing the wall recombination rate by a factor of 3 . That this reduction might be possible is indicated by low-temperature experiments [lo] showing that coatings of frozen-in-place CF, have wall shifts one-fourth that of Teflon. This lower wall shift implies a smoother surface, which would lead to lower collision rates and thus lower relaxation rates.
We assume here that the storage wall recombination rate is reduced from 0.2 S-' to 0.07 S -' , that the bulb escape rate is made equal to 0.07 S -' , and that the beam flux is reduced to make yse = 7 , = yb t y r = 0.14 S -* . Also we assume that the cavity coupling is increased as in case 3).
The decreased relaxation rates greatly increase the line Q but decrease the beam power. The result is a decrease in short-term stability over case 3) by a factor of 5 , a decrease in medium-term stability by a factor of 1.7 (but still an improvement over case l ) , and an increase in longterm stability by a factor of 2.9 over case 3) and by a factor of 16 over case 1). It can be seen that substantial improvements in maser frequency stability may be realizable from single-state beam selection, storage bulb collimator adjustment, increased cavity coupling, and improved storage bulb surfaces. By using all of these techniques it may be possible to achieve long-term frequency stability on the order of 9 X lo-'' over intervals on the order of 6 X lo4 S.
